Introduction
Several distinct protein complexes orchestrate the fusion of lipid bilayers along the secretory and endocytic pathways in eukaryotic cells. The initial recognition of membranes requires the conversion of a specific Rab GTPase to its GTP form, followed by the recruitment of effector proteins, including tethering complexes and phosphoinositide kinases. The final mixing of lipid bilayers is catalyzed by the assembly of membraneembedded SNARE proteins from both membranes. Tethering complexes consist of several subunits with distinct activities to coordinate this reaction cascade: they are large enough to bridge membranes and bind Rab-GTP and may bind SNAREs to guide and control the fusion reaction. This includes the exocyst complex of the plasma membrane (TerBush et al., 1996) , the conserved oligomeric Golgi complex at the Golgi (Ungar et al., 2002) , the Dsl complex at the ER, or the Golgi-associated retrograde protein complex, which operates between endosome and Golgi (Conibear et al., 2003) . We focus on the homotypic vacuole fusion protein sorting (HOPS) complex, which binds to the Rab7 GTPase Ypt7 to mediate fusion at the vacuole (Seals et al., 2000) . This complex consists of six subunits, four of which (Vps11, Vps16, Vps18, and Vps33) are found also in the homologous endosomal class C core vacuole/endosome tethering complex (Peplowska et al., 2007) . In addition, the HOPS complex T ethering factors are organelle-specific multisubunit protein complexes that identify, along with Rab guanosine triphosphatases, transport vesicles and trigger their SNARE-mediated fusion of specific transport vesicles with the target membranes. Little is known about how tethering factors discriminate between different trafficking pathways, which may converge at the same organelle. In this paper, we describe a phosphorylation-based switch mechanism, which allows the homotypic vacuole fusion protein sorting effector subunit Vps41 to operate in two distinct fusion events, namely endosome-vacuole and AP-3 vesicle-vacuole fusion. Vps41 contains an amphipathic lipid-packing sensor (ALPS) motif, which recognizes highly curved membranes. At endosomes, this motif is inserted into the lipid bilayer and masks the binding motif for the  subunit of the AP-3 complex, Apl5, without affecting the Vps41 function in endosome-vacuole fusion. At the much less curved vacuole, the ALPS motif becomes available for phosphorylation by the resident casein kinase Yck3. As a result, the Apl5-binding site is exposed and allows AP-3 vesicles to bind to Vps41, followed by specific fusion with the vacuolar membrane. This multifunctional tethering factor thus discriminates between trafficking routes by switching from a curvature-sensing to a coat recognition mode upon phosphorylation.
Phosphorylation of a membrane curvature-sensing motif switches function of the HOPS subunit Vps41 in membrane tethering
Mutations in the molecular machinery involved in this pathway have been linked to multiple diseases in mammalian cells (Dell'Angelica, 2009) . In yeast, the AP-3 pathway delivers proteins directly to the vacuole, bypassing the endosomes, and it depends on the same fusion machinery that also mediates endosome-vacuole fusion. The mechanism responsible for this fusion selectivity is not yet known. Transport across the AP-3 pathway can be monitored with the help of a highly sensitive GFP-tagged reporter protein termed GNS. This construct is composed of the N-terminal cytoplasmic part of the vacuolar SNARE Nyv1 fused with the transmembrane region of the SNARE Snc1 involved in exocytosis (Reggiori et al., 2000) . GNS is targeted directly from the Golgi to the vacuole via the AP-3 pathway because the cytoplasmic domain of Nyv1 possesses a dileucine motif necessary to enter this transport route (Fig. 1 A) . If the AP-3 pathway is defective, GNS is targeted instead to the plasma membrane and partially to the vacuole via the CPY pathway ( Fig. 1 A) . Thus, plasma membrane staining of GNS readily identifies defects in AP-3 transport, as observed for deletion in the AP-3 subunit Apl5, which eliminates AP-3 vesicle generation ( Fig. 1 B) . Deletion of the casein kinase Yck3, which phosphorylates the HOPS subunit Vps41, causes a partial AP-3-sorting defect, though the reason for this has remained unclear (Fig. 1 B; Anand et al., 2009; Cabrera et al., 2009) . GNS missorting can be further enhanced by a PEP12 deletion, which blocks the CPY pathway, but is not affected in the endocytosis mutant end4-1 (Fig. 1 B) . Plasma membrane staining of GNS is, therefore, taken as a general tool to monitor AP-3 defects throughout this study because other AP-3 cargo, such as ALP/Pho8 and Nyv1 ( Fig. S1 ; Reggiori et al., 2000) , only revealed a complete block of the AP-3 pathway.
We previously identified a phosphorylation site within the N-terminal part of Vps41 (residues S367, S368, S371, and S372). A nonphosphorylable Vps41 S-A mutant reproduces the yck3 phenotype by blocking AP-3 sorting, whereas a phosphomimetic S-D mutant remains functional . Moreover, in yck3 cells, Vps41 together with Vps39 accumulates at endosome-vacuole contact sites that can be stained transiently with the endocytosed lipophilic dye FM4-64 (Fig. 1 C) . These sites persisted in apl5 cells, indicating their independence of AP-3 function (Fig. S2) .
To determine the ultrastructure of theses sites, we used a recently established protocol to follow endocytosed Nanogold particles by electron microscopy in the yck3 strain (Griffith and Reggiori, 2009) . Using the same conditions as used for FM4-64 uptake (Fig. 1 C) , we observed Nanogold particles in multivesicular bodies (MVBs) close to the vacuole surface ( Fig. 1 D, a and b) . Often, MVBs were found in small clusters. Similar accumulations of Nanogold particles inside the MVBs have been observed in cells lacking the vacuolar SNARE Vam3 (Griffith and Reggiori, 2009 ). Therefore, we wondered whether these MVBs also carried Vps41 and used antibodies against the N-terminal GFP tag to examine GFP-Vps41 localization. Strikingly, some Vps41-positive immunogold particles were detected not only at the limiting membrane of the vacuole but also on the surface of contains two Rab-binding proteins: Vps39/Vam6 binds Ypt7 independently of its nucleotide load and most likely apart from the HOPS complex , whereas Vps41/ Vam2 is the Rab effector subunit of HOPS . Recent data showed that Ypt7 also localizes to late endosomes (kleine Balderhaar et al., 2010) , where it is activated via the Mon1-Ccz1 guanine nucleotide exchange factor complex .
Both the carboxypeptidase Y (CPY) pathway, which passes through the endosome, and the direct AP-3 pathway (TGN to vacuole) depend on the same fusion machinery at the vacuole, composed of the HOPS complex, Ypt7, and vacuolar SNAREs. The AP-3 pathway is conserved across species and directs cargo from early endosomes to late endosomes or lysosomes in mammalian cells (Dell'Angelica, 2009) . In yeast, AP-3 vesicles fuse directly with the vacuole but not late endosomes (Cowles et al., 1997) . Protein sorting via this pathway depends on the AP-3 complex, which is composed of , 3, 3, and 3 subunits (Cowles et al., 1997) . Interestingly, Vps41 of the HOPS complex has been linked to the AP-3 pathway because both isolated and HOPS-integrated Vps41 binds the  subunit of the AP-3 complex, Apl5 (Rehling et al., 1999; Darsow et al., 2001) . Consequently, Vps41 may be involved in recognizing AP-3 vesicles at the vacuole (Angers and Merz, 2009) .
Previously, we have identified the casein kinase Yck3 as a regulator of Vps41 (LaGrassa and Ungermann, 2005) . Yck3 is targeted directly to vacuoles via the AP-3 pathway, thus bypassing the endosomes (Sun et al., 2004) . In cells lacking Yck3, Vps41 is concentrated at contact sites between endosomes and vacuoles. It remains functional in endosome-vacuole fusion (LaGrassa and Ungermann, 2005; Cabrera et al., 2009) but is defective in the AP-3 pathway (Anand et al., 2009; Cabrera et al., 2009) . Identification of the phosphorylation site within Vps41 has revealed that this protein contains two regions that promote its association with membranes, one binding to Ypt7 and another one controlled by Yck3-mediated phosphorylation .
Here, we identify the mechanism that allows Vps41 to discriminate between two distinct transport pathways targeted to the same organelle. At late endosomes, Vps41 binds to both Ypt7-GTP and membranes via an amphipathic lipid-packing (ALP) sensor (ALPS) motif (Bigay et al., 2005; Drin et al., 2007) located within its N-terminal domain. The embedding of the ALPS motif in the membrane masks a proximal AP-3-binding site in Vps41. At the vacuole, in contrast, the ALPS motif is released from the membrane and phosphorylated by the vacuolar casein kinase Yck3, thus exposing the AP-3-binding site in Vps41. Consequently, AP-3 vesicles can only fuse with vacuoles but not with endosomes. This explains how one tethering factor can determine fusion specificity at different organelles.
Results

Vps41 is detected on late endosomes
The AP-3 pathway in yeast is important for the selective delivery of the syntaxin Vam3 and the R-SNARE Nyv1 to the lysosome-like vacuole, thus providing identity to this organelle.
observations show that the localization of Vps41 to endosomes and its functionality in the AP-3 pathway are controlled by its phosphorylation state.
MVBs (Fig. 1 E) . The labeling was weak but specific, suggesting a partial occlusion of the antigen. Obviously, Vps41 accumulates at MVBs in the absence of Yck3. Together, these The vacuole morphology in the vps41 strain expressing full-length protein or C-terminal truncations of Vps41 was analyzed using fluorescence microscopy. (E) The C-terminally truncated Vps41(1-773) is not incorporated into the HOPS complex. GFP antibodies coupled to protein A-Sepharose were used to precipitate GFP-tagged full-length and truncated (1-773 fragment) Vps41 from cell lysates. The top three panels show the anti-GFP immunoprecipitates that were probed with GTP form Ostrowicz et al., 2010) . We observed previously that GFP tagging of Ypt7 has no obvious effect on the localization of Vps41 and vacuole morphology of wt cells. However, in the Vps41 S-D mutant, which is already poorly localized to vacuoles, GFP tagging of Ypt7 leads to vacuole fragmentation . We concluded from these observations that the GFP tag interferes with the binding of Ypt7 to Vps41. If the ALPS motif is indeed an additional membrane-targeting motif, one would expect a similar effect upon GFP tagging of Ypt7 in the ALPS mutants. This was indeed the case (Fig. 3 C) , suggesting that interference with helix formation affects Vps41 function. To test whether isolated Vps41 by itself binds to membranes, we purified full-length N-terminally His-tagged Vps41 from bacteria and subjected it to flotation with liposomes of defined curvature using an established protocol (Bigay et al., 2005) . Strikingly, full-length Vps41 floated efficiently with small liposomes in the top fraction of the gradient (Figs. 3 E and S3 A) . The N-terminal domain of Vps41 (residues 1-484) behaved similarly to the wt protein in this respect (Figs. 3 F and S3 B) . Flotation of Vps41 was completely blocked, however, by either the L366D or ALPS mutations (Figs. 3 F and S3 B) , thus indicating that Vps41 contains an ALPS motif in this region, which is required for efficient binding to small vesicles.
To clarify whether this motif folds into an  helix, we turned to electron paramagnetic resonance (EPR), which allows interresidue distance determination. We fused residues 336-403 of Vps41 to the maltose-binding protein (MBP) and included Cys substitutions at residues 366 and 373 of the hydrophobic face, followed by cross-linking to the spin label methanethiosulfonate (Fig. 3 G) . We determined the distance of the two spin labels by EPR at 1.1 nm, equivalent to the distance of two helical turns of an  helix (Fig. 3 K) . Using molecular dynamics simulation, we modeled all possible orientations of the spin labels and confirmed the -helical structure of the ALPS motif (Fig. 3 , H-K). Vps41 thus contains a sequence that can form an amphipathic  helix, which is required for its association to membranes and correct localization.
Targeting of Vps41 by an alternative ALPS motif
To test whether the ALPS motif dictates Vps41 membrane targeting, we replaced it by the ALPS motif of Golgi-associated microtubule protein-210 (GMAP-210) (Fig. 4 A; Drin et al., 2007 Drin et al., , 2008 . This mutant was targeted to vacuoles, complemented the vacuole fragmentation phenotype of the vps41 cells, and was insensitive to tagging of Ypt7 with GFP (Fig. 4 , B and C). In contrast to the wt protein, Vps41-GMAP was not phosphorylated by Yck3, and its localization was not affected by deleting this kinase (Fig. 4, C and D) . The Yck3-mediated size shift of the phosphorylated wt Vps41 is comparable with
Vps41 targeting to endosomes is independent of the HOPS complex assembly
Next, we asked whether we could identify a minimal domain of Vps41 that would localize the protein to late endosomes in a Yck3-dependent manner. Fig. 2 A summarizes the known structural and functional assignments for Vps41. We generated C-terminal deletion constructs, all N-terminally tagged with GFP, and localized them in both wild-type (wt) and yck3 cells (Fig. 2 , B and C). The N-terminal domain (residues 1-503), which also contains a binding site for Ypt7 Ostrowicz et al., 2010) , is sufficient for targeting Vps41 to the vacuole (Fig. 2 B) . On the other hand, only the truncated protein Vps41(1-773) responded to the YCK3 deletion like the wt protein (Fig. 2 C) . Despite its endosomal localization in yck3 cells, the Vps41(1-773) construct was not integrated into the HOPS complex (Fig. 2 E) , and it did not complement vps41 cells (Fig. 2 D) . These data suggest that endosomal targeting of Vps41 depends on at least two domains rather than just its incorporation into the HOPS holocomplex.
We then asked whether Vps41 would remain functional in endosome-vacuole fusion if we would artificially target it to late endosomes. We therefore fused Vps41 to the EEA1 FYVE domain, which binds phosphoinositide-3-phosphate (Stenmark et al., 1996) . The FYVE-tagged Vps41 protein strongly localized to the endosome, with some residual staining on the vacuole membrane ( Fig. 2 F) . Surprisingly, the endosomal Vps41-FYVE did not result in vacuole fragmentation (Fig. 2 G) , indicating that it is incorporated into the HOPS complex and supports endosomevacuole fusion. Our data are in agreement with the idea that Vps41 is initially targeted to late endosomes and is then transferred to the vacuole.
Identification of the Vps41 ALPS motif
How does Vps41 associate with late endosomes? A recent bioinformatic survey predicted an ALPS within the N-terminal domain of Vps41 (Drin et al., 2007) . The ALPS motif constitutes a particular  helix suitable for binding to highly curved membranes (Fig. 3 A ; Bigay et al., 2005) . This motif (residues 359-376) overlaps with the Yck3 phosphorylation sites (residues S367, S368, S371, and S372) identified previously ). We therefore generated Vps41 ALPS mutants by either inserting a negative charge into the hydrophobic face (L366D) or deleting an entire segment of the putative helix (residues 366-377, termed ALPS). Either mutant resembled the phosphomimetic version of Vps41 S-D; e.g., both mutant proteins poorly localized to vacuoles, and cells expressing these mutants displayed multilobed vacuoles (Fig. 3, B and D; Cabrera et al., 2009) .
As mentioned in the Introduction, Vps41 is recruited to the membranes by interacting with the Rab GTPase Ypt7 in its (Gautier et al., 2008) . Yellow, hydrophobic residues; purple, serine and threonine; blue, basic; pink, asparagine; and gray, other residues. The phosphorylated residues are indicated in bold in the sequence. The arrow corresponds to the hydrophobic moment. So far, these data indicated (a) that the ALPS motif of Vps41 is required for its efficient localization; (b) that this motif contains the Yck3 phosphorylation sites; and (c) that loss of Vps41 phosphorylation blocks AP-3 cargo sorting. How then is Vps41 connected to the AP-3 pathway? It has previously been shown that the N-terminal region of Vps41 (residues 99-230) interacts with the AP-3 subunit Apl5 (Darsow et al., 2001; Angers and Merz, 2009 ). To identify the precise Apl5-binding site, observations in previous studies (LaGrassa and Ungermann, 2005; Cabrera et al., 2009; Hickey et al., 2009) . Despite its association with the vacuole, the Vps41-GMAP fusion protein was defective in the AP-3 transport pathway because the GNS reporter appeared at the plasma membrane (Fig. 4 E) . This sorting defect could be rescued by the phosphomimetic mutations S25 and T27D within the ALPS motif of GMAP-210 (Fig. 4 E) . We conclude that Vps41 can only function efficiently in the AP-3 pathway if its ALPS motif can be phosphorylated.
mutants. Cells expressing C-terminally GFP-tagged Vps41 wt or point mutant forms were lysed, and membranes were separated into pellet (P20) and supernatant fractions at 20,000 g for 15 min at 4°C. After centrifugation of the resulting supernatant at 100,000 g for 1 h at 4°C, the pellet (P100) and supernatant (S100) were collected and subjected to immunoblot analysis using anti-Vps41 and anti-Vac8 antibodies. T = 50% of total protein used for each separation. (E and F) Flotation assay. Full-length Vps41 (E) or C-terminal truncations (1-484; F) carrying the indicated mutations were incubated with liposomes of decreasing size or buffer (Bigay et al., 2005) . After centrifugation, the top (T) fraction containing the liposome-bound proteins and bottom (B) fraction were collected and analyzed by SDS-PAGE. Proteins were stained with SYPRO orange. In F, the complete load (L) of each flotation is shown. (G) Principle of the generation of spin-labeled proteins for EPR analysis. Reaction of the (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate spin label (MTSSL) with the sulfhydryl group of a cysteine side chain generates the spin label side chain R1. (H) Determination of the interactions of the spin labels attached to the Vps41 ALPS motif. EPR spectra (T = 293 K) of the doubly spin-labeled MBP-Vps41 fusion protein (336-402) with L366C and F373C mutations and single mutants. The spectrum of the labeled fusion protein (continuous line) is broadened compared with the sum of the spectra of the singly labeled samples (L366C or F373C; dashed line) caused by spin-spin interaction of the two R1 side chains, indicating close proximity of both nitroxides. For details see model in K and Radzwill et al. (2001) . (I) Determination of the distance between two spin labels by low temperature EPR. Quantitative analysis of the dipolar broadening revealed in the low temperature EPR spectra (T = 160 K) of the double mutant (continuous line, compared with the sum of the spectra of the singly labeled samples, dashed line) yields an mean internitroxide distance of 1.1 ± 0.2 nm. The dotted line shows the simulation of a corresponding dipolar broadened EPR spectrum. (J and K) Quantitation of the mean distance between the spin labels reveals that the segment can form an  helix. Interspin distance distribution determined from I (continuous line) superimposed to an internitroxide distance distribution are shown, which were calculated from a molecular dynamics simulation for 30 ns at 300 K of the -helical peptide sequence 361-377 with the spin label side chains introduced at positions 366 and 373 (dotted line) as shown in K and for the stretched peptide conformation (dashed line) as obtained from a rotamer analysis (Jeschke and Polyhach, 2007) . r, relative distance. P(r), probability to find the distance r. DIC, differential interference contrast. Cell lysates were prepared from the indicated strains as described in Materials and methods and added to GSH-bound GST, GST-Apl5-ear (residues 803-932), and GST-Apl4-ear (residues 717-832), and 95-102) and the ALPS motif (residues 356-376) might be close to each other in the folded protein. Thus, one possible scenario would be that the binding of the ALPS motif to the endosome membrane masks the Apl5-binding site, and Yck3 will only get access to the Vps41 at the vacuole because it is routed via the AP-3 pathway. The release and phosphorylation of the ALPS motif would make Vps41 available for interaction with AP-3 vesicles only at the vacuole. We tested this hypothesis with the liposome flotation assay.
We first determined whether Vps41, once bound to liposomes, can still interact with Apl5. The former occurs at the late endosome, and the latter-Apl5 binding-occurs at the vacuole. In principle, one would expect a simple competition between liposomes and Apl5 for Vps41. When Vps41 was incubated first with liposomes, it was floating efficiently as before and not influenced by subsequent addition of Apl5 (Fig. 6 A, lanes 4 and 5) . In contrast, preincubation of Vps41 with increasing amounts of Apl5 prevented the interaction of Vps41 with liposomes, as is evident from the poor recovery of Vps41 in the top fraction of the flotation assay (Figs. 6 A, lanes 1-3; and S3 C). The inhibitory effect of Apl5 in turn indicates that liposome-bound Vps41 cannot bind to Apl5. This observation is consistent with our hypothesis that membrane binding hides the Apl5-binding site of Vps41 on late endosomes.
Second, liposome-bound Vps41 should not be accessible to Yck3, and Yck3 should only phosphorylate nonmembranebound Vps41. Recombinant Yck3 was able to phosphorylate Vps41 in vitro, resulting in a similar size shift as reported previously (Fig. 6 B ; LaGrassa and Ungermann, 2005; Hickey et al., 2009 ). However, preincubation of Vps41 with liposomes made it insensitive to Yck3 (Fig. 6 C) , indicating that Yck3 cannot access the membraneembedded helix of Vps41. Moreover, only the nonphosphorylated Vps41 floated with liposomes (Fig. 6 C) , whereas the phosphomimetic mutant (S-D) remained unbound (Fig. 6 D) . This observation confirmed the idea that Vps41 binds endosomal membranes via the ALPS motif. At the vacuoles, the N-terminal domain of Vps41 is released from the membrane because of changes in curvature or composition and only then can be phosphorylated by Yck3. Vps41 then binds Apl5 and, thus, recognizes AP-3 vesicles (Fig. 6 E) .
Our model predicted that the YCK3 deletion can be suppressed by mutants in the Vps41 ALPS motif. We therefore analyzed the GNS sorting in ALPS mutants combined with the YCK3 deletion. Importantly, both Vps41 S-D and Vps41 ALPS restored the AP-3 pathway regardless of the presence or absence we sequentially truncated Vps41 and observed a pronounced defect in AP-3 cargo sorting if the first 102 residues of Vps41 were absent (unpublished data). This region of Vps41 harbors a PEST domain with a highly charged region from residues 62 to 102 (Fig. 5 A) . A Vps41 mutant lacking this sequence, e.g., Vps41PEST, localized less efficiently to vacuoles (Fig. 5 A) , though the protein was still assembled into the HOPS complex (Fig. S4 C) and interacted with liposomes in a curvaturedependent manner as before (Fig. 5 B) . Importantly, the cells expressing this construct had an AP-3-sorting defect while maintaining normal vacuole morphology (Fig. 5 A) and protein sorting via endosomes (not depicted). The Vps41 mislocalization and AP-3-sorting defect could not be rescued by additional mutations in the ALPS motif (Fig. S4, A and E) . Moreover, Apl5-GFP localization was strongly affected, resulting in multiple dispersed dots throughout the cell (Fig. 5 C) . We then generated GST fusion proteins carrying the C-terminal domain of Apl4 or Apl5 and used them for pull-down assays together with yeast lysates expressing Vps41 wt or Vps41PEST. Vps41 specifically bound to GST-Apl5 but not Apl4 (Fig. 5 D) . This binding was not affected by S-D or S-A mutations (Fig. 5 E) , but it required the N-terminal PEST domain (Fig. 5 D) . This interaction was confirmed by a yeast two-hybrid analysis (Fig. 5 F) . In view of the charge density of the Vps41 PEST domain, the binding to Apl5 could be simply caused by nonspecific charge-charge interactions. However, a closer inspection of the PEST domain revealed that not only the negatively charged residues 62-94 but also residues 95-102 of Vps41 are highly conserved (Fig. 5, G and H; Lu et al., 2007) . We therefore generated additional Vps41 truncations of the PEST subdomains, Vps41(62-94) and Vps41(95-102). Whereas the Vps41(62-94) mutant localized to vacuoles and was functional in the AP-3 pathway, the Vps41(95-102) mutant resulted in an AP-3-sorting defect and Apl5 mislocalization (Fig. 5 I) . A point mutant within the second region, L101D, was defective in the AP-3 pathway, though it is localized to the vacuole (Fig. 5 I) . We conclude that Vps41 recognizes the  subunit of the AP-3 complex via a sequence with similarity to the dileucine-sorting motif of the AP-3 cargo.
Phosphorylation permits Vps41 to function in the AP-3 pathway
How does ALPS phosphorylation influence the function of Vps41 in the AP-3 pathway? The N-terminal region (residues 114-366) of Vps41 is predicted to form a  propeller (McMahon and Mills, 2004) , and as a result, the Apl5-binding site (residues bound proteins were eluted by boiling in SDS sample buffer. Eluted proteins were analyzed by SDS-PAGE and Western blotting using anti-Vps41 antibodies. (E) Interaction of Vps41 S-A and S-D mutants with Apl5. Pull-down was conducted as in D using lysates obtained from strains expressing the indicated Vps41 variants. (F) Yeast two-hybrid analysis. VPS39, APL5, and APL5-ear (residues 803-932) domains were cloned in the pFBT9 vectors, whereas Vps41 and Vps41PEST were cloned in the pACT2 vector. Plasmids were cotransformed into the strains for yeast two-hybrid analysis and grown on doubledropout and quadruple-dropout plates. Only quadruple-dropout plates are shown. See Materials and methods for details. (G) Overview of the interaction sites within the N-terminal region of Vps41. The N-terminal half of the protein contains binding sites for Apl5 (PEST) and membrane (phosphorylated ALPS [P-ALPS]), whereas the C-terminal part is required for HOPS binding. (H) Sequence alignments of the Vps41 N-terminal sequence proximal to the PEST domain from different species using the ClustalW algorithm. Conserved residues are highlighted. Dark purple, highly conserved residues. Light purple, conserved residues. (I) Identification of the minimal domain in Vps41 required for AP-3 sorting. Vps41 truncations 62-94 and 95-102 and L101D mutant were analyzed by fluorescence microscopy to determine Vps41 distribution, Apl5-GFP localization, and GNS sorting. Note that none of the mutants disrupts vacuole morphology. DIC, differential interference contrast. n.d., not determined. Bars, 10 µm.
vacuole, reminiscent of the late endosome (Fig. 7 B) . Interestingly, Vps41 and Vps39 normally localized to the vacuoles (Figs. 7 C and S5), and these cells had a functional AP-3 pathway, unlike yck3 cells (Fig. 7 D) , suggesting that Yck3 could indeed activate Vps41 already at the late endosome. However, it was possible that the premature phosphorylation of Vps41 would weaken its binding to membranes. We therefore GFP tagged Ypt7 in the Yck3-FYVE background to determine how tightly Vps41 was bound to membranes. Indeed, with GFPtagged Ypt7, vacuoles started to loose their normal round structures (Fig. 7 E) . These results confirmed that the endosome of Yck3 (Fig. 7 A) . This indicated that the loss of ALPS phosphorylation can be bypassed by lowering the ALPS affinity for membranes. Mutations of the ALPS motif can then facilitate proper Vps41 function in the AP-3 pathway.
We postulated that a relocalization of Yck3 to the late endosome should affect Vps41 localization and function by triggering premature ALPS phosphorylation, presumably before it even inserts into the membrane. To confine Yck3 function primarily to the late endosome, we fused the EEA1 FYVE domain to the C terminus of this kinase. The GFP-tagged Yck3-FYVE fusion protein accumulated in multiple dots proximal to the Figure 6 . Counteraction of membrane binding and interaction with Apl5. (A) Apl5 binding to Vps41 inhibits binding to liposomes. Vps41 was preincubated for 5 min with increasing amounts of GST-Apl5-ear (lanes 1-3 and 7-9) and then incubated for 5 min with small liposomes (30 nm) at room temperature. As a comparison, Vps41 was preincubated with liposomes for 5 min, and Apl5 was then added (lanes 4 and 10). All samples were used for the flotation assay as described in Fig. 3 E and Materials and methods. As controls, Vps41 (lanes 5 and 11) or Apl5 (lanes 6 and 12) were incubated with liposomes. After centrifugation, top (T) and bottom (B) fractions were collected and TCA precipitated before analyzing proteins by Western blotting using antiVps41 antibodies. (B) Vps41 phosphorylation by Yck3. 0.28 µM of full-length Vps41 was incubated at the indicated temperature and time periods with 12 µM of recombinant Yck3, and phosphorylation was monitored by immunoblot analysis using anti-Vps41 antibodies. to membrane curvature and couples the COPI vesicle biogenesis with coat disassembly. GMAP-210 constitutes another example of an ALPS-containing protein that uses an  helix to discriminate between transport vesicles and Golgi membranes . Modulation of the Vps41 ALPS motif can affect protein localization and function in vivo and change HOPS activity in vitro if small liposomes are used in the fusion assay . Under these conditions, HOPS binding to Ypt7-GTP is still required .
We propose that the Vps41 ALPS motif supports its localization to endosomes, but we cannot exclude that it also recognizes high curvature domains at the vacuole. This would explain the resistance of yck3 vacuoles to Rab GTPase inhibitors in vivo and in vitro (LaGrassa and Ungermann, 2005; Cabrera et al., 2009 ). In the absence of the Yck3 kinase, Vps41 ALPS will interact more efficiently with membranes and, as a result, stabilize Vps41 interaction with the Rab GTPase Ypt7, thus shielding it from inactivation by the GTPase-activating protein ). The Ypt7-binding site is, just as the ALPS motif, part of the N-terminal domain and required for HOPS targeting and function ). Interestingly, isolated vacuoles from yck3 cells contain more tightly bound Vps41 (LaGrassa and Ungermann, 2005; , suggesting that the vacuole membrane maintains local curvature even after isolation. The sensitivity of vacuoles and cells to Ypt7 inhibitors upon changes in osmolarity (LaGrassa and Ungermann, 2005; Takeda et al., 2008) can then be explained by alterations in the Vps41-membrane interaction and the accessibility of the ALPS to the Yck3 kinase.
We propose that the Vps41 ALPS motif is a sensor of the membrane microenvironment, which is regulated by a casein kinase that permits functional switch and protein recycling. This motif intrinsically combines several advantages. It is a curvature sensor, not an inducer, and its membrane-sensing activity can be modulated by phosphorylation of its serine or threonine residues in the polar face. This can also be achieved if the kinase is rather nonspecific and ubiquitous, which shifts the level of regulation to the accessibility of the ALPS motif. We therefore term such a motif phospho-ALPS (P-ALPS; palps describes the sensory organs of insects). We suggest that yeast cells take advantage of the large size difference between MVBs and vacuoles for this additional level of regulation. It is likely that mammalian cells have evolved alternative regulatory loops to control the interaction of Rab7 and the HOPS complex.
The modulation of membrane sensors, as observed here for yeast Vps41, could be a common theme in membrane regulation in eukaryotic cells, and we expect that several of the identified ALPS motifs are targets for phosphorylation. Indeed, the ALPS motifs identified in the Golgi proteins ArfGAP1 (T215) and GMAP-210 (S22) could be targets of PKC and PKA, respectively (based on NetPhos 2.0), and phosphorylation of either protein might control Golgi morphology in mammalian cells.
Regulation of the AP-3 pathway
The AP-3 pathway is conserved across species, and Vps41 has been implicated in the trafficking of AP-3 vesicles in Drosophila targeting of Yck3 destabilized Vps41 at the late endosome and affected its functionality in endosome-vacuole fusion.
Collectively, our data reveal that Vps41 localization to MVBs is controlled by a dual targeting mechanism consisting of the Rab GTPase Ypt7 and a membrane contact site (ALPS). Association of Vps41 with endosomes masks an AP-3-binding site that is only exposed by Yck3-mediated phosphorylation at the vacuole.
Discussion
We report here on a novel mechanism that allows one tethering complex, depending on its localization, to operate in two different trafficking pathways (Fig. 7 F) . Vps41 is part of the HOPStethering complex, which is present on both late endosomes and vacuoles. On late endosomes, Vps41 is dedicated to endosomevacuole fusion and does not interact with AP-3 vesicles, whereas it becomes available for AP-3 vesicle fusion on vacuoles. Our data now explain the molecular basis of the localization-dependent fusion specificity.
Vps41 has at least four important binding sites that are critical for its function (Figs. 5 H and 7 F) . Within its N-terminal  propeller, it binds Ypt7-GTP Ostrowicz et al., 2010) and either the AP-3  subunit Apl5 or highly curved membranes via its ALPS motif. Binding to the remaining HOPS requires the C-terminal portion. On late endosomes, the binding of Vps41 to membranes via its ALPS motif masks the Apl5-binding site, thereby preventing fusion of AP-3 vesicles with the wrong target organelle (Fig. 7 F) . This is important because the AP-3 pathway delivers the kinase Yck3 (Sun et al., 2004) , which, if ending up at MVBs, would inactivate the ALPS membrane-binding motif in Vps41. Accordingly, mutations in the ALPS motif lead to an increase of cytosolic Vps41 and enhanced sensitivity to GFP tagging of the Rab Ypt7. Moreover, the syntaxin SNARE Vam3 arrives at the vacuole via the AP-3 pathway. If misrouted via the endosome, these endosomes will be identified as vacuoles and fuse prematurely (Darsow et al., 1998) . Similarly, the R-SNARE Nyv1, which is dedicated to vacuole fusion, arrives exclusively via the AP-3 pathway (Reggiori et al., 2000; Wen et al., 2006) . Once MVBs fuse with vacuoles, the change in membrane curvature and, presumably, also the membrane composition reduces the affinity of the ALPS motif for membranes. In addition, the phosphorylation of residues within the ALPS motif by Yck3 prevents the reinsertion into membrane of this  helix and, thus, exposes the Apl5-binding site of Vps41 to the cytosol. As a consequence, Vps41, and thus the HOPS complex, can interact with AP-3 vesicles and ensure their exclusive fusion with the vacuole-limiting membrane (Fig. 7 F) . Importantly, the spatial separation of enzyme and substrate guarantees that Vps41 will recognize AP-3 vesicles only at the vacuole membrane while maintaining efficient targeting and functioning of Vps41 at MVBs.
Molecular function of the ALPS motif
The basic function of the ALPS motif is to sense membrane curvature and was first described in ArfGAP1, the GTPase-activating protein for Arf1 (Bigay et al., 2003) . ArfGAP1 activity responds pathways by masking one specialized binding site until the tethering protein is localized to the correct compartment. Similar mechanisms could explain targeting specificity of trafficking pathways in the endomembrane system, such as the tethering of Cvt vesicles or autophagosomes with the vacuole.
Materials and methods
Yeast strains and molecular biology
The yeast strains used in this study are summarized in Table S1 . Yeast was grown at 30°C in rich medium (yeast peptone d-glucose [YPD] ) except where indicated. Deletions and tagging of genes with GFP were performed using homologous recombination of PCR-amplified fragments (Puig et al., 1998; Janke et al., 2004) . VPS41 was expressed from a pRS406 under the NOP1 promoter. Point mutations in VPS41 were generated using a site-directed mutagenesis kit (QuickChange; Agilent Technologies). The vector pHis-Parallel coding Yck3 sequence (residues 2-516) was transformed into the BL21 (DE3) Rosetta Escherichia coli strain for protein expression ). Plasmids were provided by Christopher Hickey and Bill Wickner (Dartmouth Medical School, Hanover, NH) . BL21 (DE3) Rosetta cells were grown to an OD 600 of 0.6-0.8 before inducing protein expression with 0.5 mM IPTG overnight at 16°C. Protein purification was performed using the Ni-nitrilotriacetic acid resin (QIAGEN), and elution was performed with 300 mM imidazole. Buffer exchange to 20 mM Pipes/KOH, pH 6.8, and 200 mM sorbitol was performed with a PD10 column (GE Healthcare). Expression of MBP-Vps41 (residues 336-403) was induced with 0.5 mM IPTG overnight at 16°C, and the fusion protein was purified using amylose resin (New England Biolabs, Inc.).
Liposome preparation
Lipids were purchased from Avanti Polar Lipids, Inc., except for ergosterol (Sigma-Aldrich), phosphatidyl-inositol-3-phosphate, and PI-4,5-P 2 (Mobitech/ Echelon). A lipid film containing 47% dioleoyl-phosphatidyl-choline, 18% dioleoyl-phosphatidyl-ethanolamine, 18% soy phosphatidyl-inositol, 4.4% dioleoyl-phosphatidyl-serine, 2% dioleoyl-phosphatidic acid, 1.6% cardiolipin, 8% ergosterol, 1% DAG, 1% phosphatidyl-inositol-3-phosphate, 1% PI-4,5-P 2 , and 1% NBD-phosphatidyl-ethanolamine (Zinser et al., 1993; Mima et al., 2008) was prepared by evaporation and resuspended in Hepes-KOAc (HK) buffer (50 mM Hepes/KOH, pH 7.2, and 120 mM KOAc). After five steps of thawing and freezing in liquid nitrogen, the 2-mM liposome suspension was extruded sequentially through polycarbonate filters with pore sizes of 400, 200, 100, 50, and 30 nm using a hand extruder (Avanti Polar Lipids, Inc.). The liposome radius was determined by dynamic light scattering in a DynaPro system (Wyatt Technology Corp.).
Flotation experiments
0.75 µM of proteins was mixed with 0.75 mM of liposomes in 150 µl HKM buffer (HK buffer with 1 mM MgCl 2 ) at room temperature for 5 min. 100 µl of a 75% sucrose solution in HKM buffer was added to adjust the sucrose concentration to 30%. The suspension was overlaid with two cushions (200 µl of a 25% sucrose solution in HKM and 50 µl HKM buffer). The sample was centrifuged at 220,000 g in a swing rotor (TLS 55; Beckman Coulter) for 1 h at 20°C. The bottom (250 µl), middle (150 µl), and top (50 µl) fractions were collected, and TCA-precipitated proteins were analyzed by SDS-PAGE using SYPRO orange (Invitrogen) staining or immunoblotting. The gels were visualized in a VersaDoc imaging system and quantified using Quantity One software (Bio-Rad Laboratories).
Yeast two-hybrid analysis Yeast two-hybrid analysis was performed as previously described (Shorter et al., 1999) . Combinations of pACT2-and pFBT9-yeast two-hybrid vectors carrying the DNA sequence of the indicated proteins were transformed into the yeast strain PJ69-4A and plated onto synthetic media lacking leucine and tryptophane (double dropout). Transformants were transferred first onto medium lacking leucine, tryptophane, histidine, and adenine (quadruple dropout) and afterward on double-dropout medium. For each combination of yeast two-hybrid-vector, four clones were analyzed.
Microscopy
Cells were grown to mid-logarithmic phase in YPD or synthetic complete medium lacking selected amino acids or nucleotides, harvested by centrifugation, washed once with synthetic complete medium supplemented with all amino acids, and visualized at room temperature. For FM4-64 (Invitrogen) melanogaster and mammals (Warner et al., 1998; Rehling et al., 1999; Darsow et al., 2001; McVey Ward et al., 2001; Angers and Merz, 2009) . In yeast and metazoans, AP-3 vesicles appear to fuse only with mature endosomes or lysosomes, bypassing MVBs (Dell'Angelica, 2009). Yeast utilizes the ALPS motif in Vps41 to target AP-3 vesicles exclusively to the vacuole, whereas such a motif is missing in metazoan Vps41 (Lu et al., 2007) . This finding raises an intriguing question: Which mechanism allows the AP-3 pathway to bypass the immature endosomes in metazoan cells? It is possible that Vps41 is only recruited lately to maturing MVBs, and then the cargo proteins of the AP-3 vesicles are not sorted into MVBs or endosomes. Consistent with this idea, in yeast, both AP-3 cargoes Nyv1 and Vam3 are partially sorted into the vacuole lumen if they are diverted into the endocytic pathway (Reggiori et al., 2000) .
According to our observations, fusion of the AP-3 vesicles with the yeast vacuole will differ in several aspects from fusion of late endosomes with vacuoles. Fusion of late endosomes with vacuoles will most likely mirror the requirements of vacuolevacuole fusion (Ostrowicz et al., 2008) . Indeed, Vps41 and Ypt7, components of the vacuole-tethering machinery, can be observed on late endosomes (Fig. 1 D; kleine Balderhaar et al., 2010) , consistent with findings in mammalian cells (Chavrier et al., 1990) . In addition, the Ypt7 guanine nucleotide exchange factor, the Mon1-Ccz1 complex, has been localized to late endosomes in yeast and metazoans Poteryaev et al., 2010) . Interestingly, the sorting of Vps41 to endosomes via a FYVE domain does not result in vacuole fragmentation, suggesting that Vps41 mainly arrives at the vacuole through the endosomes and not directly from the cytosol. Our data indicate that Vps41 is recruited to endosomes also if not assembled into the HOPS complex (Fig. 2) , and HOPS could be assembled at the late endosome. However, we cannot exclude that HOPS is recruited as a complex to both vacuoles and late endosomes. Thus, the HOPS-mediated tethering, which may include SNARE binding , could then promote endosome-vacuole fusion. This symmetric tethering, in which the same constituents, HOPS and SNAREs, are found on both membranes, differs from the asymmetric tethering of AP-3 vesicles with vacuoles. Here, AP-3 vesicles are recognized by their coat via vacuole-localized Vps41, an event likely to precede HOPS-and SNARE-mediated fusion.
Our data then add Vps41 and Apl5 to the list of identified tether-coat interactions (Andag and Schmitt, 2003; Cai et al., 2007) and suggest a general mechanism of vesicle recognition (Angers and Merz, 2010) . Interestingly, the AP-3-binding motif in Vps41 has some similarity to the AP-3-sorting motif in Pho8/ ALP and Vam3 (Darsow et al., 1998) , the SNARE that mediates fusion of AP-3 vesicles with the vacuole. Potentially, the binding of the Apl5 ear domain to Vam3 inactivates the SNARE on AP-3 vesicles until the vacuole-localized Vps41 releases Apl5 from Vam3 and makes it available for fusion of the AP-3 vesicle with the vacuole. Such a model is consistent with recent observations that indicate that the HOPS complex binds to Apl5 at the vacuole (Angers and Merz, 2009) .
To summarize, we present a mechanism by which a tethering protein can fulfill its function in two distinct trafficking pathway. Fig. S3 shows flotation assay with Vps41. Fig. S4 shows the combination of the ALPS and PEST mutants in Vps41. Fig. S5 shows localization of GFP-Vps39. Table S1 shows yeast strains used in this study. Online supplemental material is available at http://www.jcb.org/cgi/content/ full/jcb.201004092/DC1.
Cell lysis and membrane fractionation
To prepare lysates, yeast was grown in YPD to an OD 600 of 1. Cells were harvested by centrifugation and treated with 10 mM DTT followed by an incubation with lyticase for 20 min at 30°C. Spheroplasts were then resuspended in lysis buffer (200 mM sorbitol, 50 mM KOAc, 20 mM Hepes-KOH, pH 6.8, protease inhibitor cocktail [0.1 µg/ml leupeptin, 1 mM o-phenanthroline, 0.5 µg/ml pepstatin A, and 0.1 mM pefablock], 1 mM PMSF, and 1 mM DTT) containing 2 µg/ml DEAE-dextran and incubated on ice for 5 min, followed by a 2-min incubation at 30°C. Lysates were centrifuged at 300 g for 3 min at 4°C, and the resulting supernatant was then sedimented at 20,000 g for 15 min to obtain P20 (pellet) and S20 (supernatant) fractions. The S20 fraction was then centrifuged at 100,000 g for 1 h to generate P100 (pellet) and S100 (supernatant) fractions. TCA-precipitated supernatants and pellets were resuspended in SDS sample buffer, loaded onto SDS-PAGE gels, and subjected to Western blot analyses.
Vps41 phosphorylation assay P20 membrane fractions were incubated for 45 min at 26°C in phosphatidylserine buffer supplemented with salts (0.5 mM MgCl 2 , 0.5 mM MnCl 2 , and 125 mM KCl; Mayer et al., 1996) and 10 µM coenzyme A, with or without an ATP-regenerating system (0.5 mM ATP, 40 mM creatine phosphate, and 0.1 mg/ml creatine kinase). Membranes were reisolated by centrifugation at 20,000 g for 10 min at 4°C, and pellets were resuspended in SDS sample buffer. Vps41 mobility shift was analyzed by Western blotting using an anti-Vps41 antibody.
Immunoprecipitation 1 liter of culture was grown at 30°C to an OD 600 of 4, and cells were harvested by centrifugation. Cells were then lysed in the following buffer: 50 mM Hepes/KOH, pH 7.4, 150 mM NaCl, 0.15% NP-40 (Igepal CA-630; Sigma-Aldrich), 1.5 mM MgCl 2 , fungi yeast protease inhibitor mix (Serva), 0.5 mM PMSF, and 1 mM DTT. Cell lysates were then centrifuged at 100,000 g for 1.5 h, and supernatants were incubated with anti-GFP antibodies coupled to protein A-Sepharose (Ungermann et al., 1998) for 1 h at 4°C. Beads were isolated by centrifugation at 2,000 g for 5 min at 4°C and washed with 20 ml lysis buffer supplemented with 0.5 mM DTT. Bound proteins were eluted by incubation with 0.1 M glycine, pH 2.5, TCA precipitated, and subjected to immunoblotting.
GST pull-down experiments
The GST pull-down experiments were performed as previously described (Darsow et al., 2001) . For pull-downs, 100 OD 600 cell equivalents were lysed in buffer containing 20 mM Hepes, pH 6.8, 50 mM KOAc, fungi yeast protease inhibitor mix, 1 mM PMSF, and 1 mM DTT and centrifuged at 3,000 g for 3 min at 4°C; the supernatant was adjusted to 1% Triton X-100 and incubated for 10 min at 4°C. The lysate was then centrifuged at 13,000 g for 10 min at 4°C, and the supernatant was incubated for 1 h at 4°C with GST, GST-Apl5-ear, or GST-Apl4-ear bound to glutathione Sepharose. Washing steps were performed as described in the previous paragraph. The bound material was eluted by incubation of the Sepharose with SDS sample buffer and incubation for 5 min at 95°C. Fig. S1 shows sorting of ALP and Nyv1 by the AP-3 pathway. Fig. S2 shows that endosomal targeting of Vps39 is independent of the AP-3
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